− and SO 4 2− -intercalated layered double hydroxides (LDHs) of Cu(II) and Cr(III) are obtained when coprecipitation is carried out at low pH ∼ 5 and elevated temperature (60-80°C). Precipitation under other conditions results in the formation of a gel. The SO 4 2− -LDH exhibits weak reflections which could be indexed to the 100 and 101 planes of a supercell corresponding to a = √3 × a o , providing direct evidence for cation ordering among LDHs by X-ray diffraction. The ordering of the M(II) and M' (III) in the metal hydroxide layer has been a subject of considerable debate in the LDH literature for the past several years and was earlier probed using short-range techniques such as NMR and EXAFS. Rietveld refinement indicates that the cation-ordered LDH adopts the structure of the 1H polytype (space group P3, a = 5.41 Å, c = 11.06 Å). In contrast the Cl − -intercalated LDH adopts the cation-disordered structure of the 3R 1 polytype (space group R3m, a = 3.11 Å, c = 23.06 Å). The Cl − -LDH was used as a precursor to synthesize LDHs with other anions. While Br − and CO 3 2− (molecular symmetry, D 3h ) select for the 3R 1 polytype, the XO 3 − (X = Br, I) ions (molecular symmetry, C 3v ) select for the rare 3R 2 polytype. This work demonstrates the role of the intercalated anion in structure selection of the LDH.
. 1 We abbreviate the LDH composition as [M-M′-A] x . The structure of these materials is derived from that of mineral brucite, Mg-(OH) 2 . Brucite comprises a hexagonal close packing of OH − ions in which Mg 2+ ions occupy alternate layers of octahedral sites. Thus, the structure can be described as a stacking of charge neutral layers having the composition [Mg(OH) 2 ]. In LDHs, a fraction, x, of Mg 2+ ions is isomorphously substituted by a trivalent ion, by virtue of which the metal hydroxide layer acquires a positive charge. This charge is compensated by incorporation of anions along with water molecules in the interlayer. 2 Due to its layered structure, LDHs exhibit polytypism 3 and stacking disorders. 4 On account of the anisotropy in bonding, LDHs are useful anion exchange materials. 5 A variety of anions can be intercalated in the interlayer of these materials including simple inorganic anions, metal complexes, organic molecules, surfactants and drug molecules. By virtue of their anion exchange property, these materials have diverse functions and are used as catalysts, sorbents, sensors, fire retardants, drug delivering agents, antacids, molecular sieves, in water decontamination, carbon dioxide sorption and synthesis of biohybrids. The numerous applications of LDHs are reviewed in detail elsewhere. [6] [7] [8] There is considerable debate in the literature on the position of the trivalent cation relative to the divalent cation within the metal hydroxide layer. A random substitution of the Mg 2+ ions would suggest an a-parameter comparable to that of Mg(OH) 2 (a o = 3.13 Å), which decreases with an increase in x according to Vegard's law. An ordered distribution of the trivalent cations would generate a supercell with a = √n × a o , where n is the total number of cations in the unit cell. Pauling's rule 9 forbids trivalent cations from occupying neighbouring sites within the metal hydroxide layer. Consequently, LDHs with compositions x ≤ 0.25 could crystallize with both cation-ordered as well as cation-disordered metal hydroxide layers. In instances where x > 0.33, two structure models are envisaged: (i) the excess trivalent ions could occupy neighbouring cation sites in violation of Pauling's rules 10-12 or (ii) cation vacancies could ring-fence the trivalent cation sites from other cations of the same charge. 13 In either case, there would be considerable cation disorder in the metal hydroxide layers. From a crystal chemical perspective, cation ordering is most likely when x = 0.33. Despite this, there is no experimental evidence to date of cation ordering from powder diffraction studies. There could be many reasons for this:
(i) the supercell reflections could be weak, (ii) the incidence of stacking faults and other general sources of disorder could further adversely affect the intensity of the supercell reflection, (iii) comparable scattering power of the divalent and trivalent ions could obliterate their identity in powder diffraction and (iv) there could be non-uniformity in composition between different crystallites.
Indeed, Roussel and co-workers 14 have calculated the intensity of the supercell reflection to be ∼0.1% of the most intense reflection, driving it below the detection limit of laboratory diffractometers. So the absence of supercell reflections cannot be taken as evidence for cation disorder in the metal hydroxide layer.
There is strong evidence for local ordering of cations from EXAFS 14, 15 and NMR investigations 16, 17 as these techniques provide information complementary to X-ray diffraction. While powder diffraction gives the average long-range structure including the effects of order/disorder in the interlayer, EXAFS at the metal K edge yields the intralayer structure, although with poorer resolution of different interatomic distances.
In an attempt to find direct evidence for ordering of cations within the metal hydroxide layer, in this paper, we have chosen to investigate the [Cu-Cr-A] 0.33 system for the following reasons:
(i) Cu 2+ being a Jahn-Teller ion is not expected to share the same site as that of Cr 3+ , which prefers a more symmetric coordination and
(ii) the [Cu-Cr] LDH is known to crystallize in the fixed composition, x = 0.33.
The [Cu-Cr] LDH was reported earlier for its sensitivity to ambient humidity. 18 The 
The TGA data of the LDHs do not show well resolved mass loss steps in all cases. Therefore only the total mass loss was considered and compared with the mass loss computed for the dehydrated LDH. The difference in the observed and computed mass loss is attributed to the intercalated water content to obtain approximate formulae for all the LDHs ( 
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Given the high solubility of ambient CO 2 in natural water bodies and the intrinsic affinity of metal hydroxide for CO 2 , CO 3 2− intercalated phases are ubiquitous among both synthetic and naturally occurring LDHs. Consequently they are the best characterized among all the LDHs. 20 Therefore the 21 The observation of strong 01l (l = 2, 5, 8) reflections (Table 3) in the PXRD pattern indicates the structure to be of the 3R 1 polytype, which comprises the stacking sequence ⋯AC-CB-BA-AC⋯ of the metal hydroxide layers. The stacking of metal hydroxide layers in LDHs is mediated by anions in the interlayer. CO 3 2− with D 3h molecular symmetry mediates the stacking of layers that generates trigonal prismatic interlayer sites also having the local symmetry, D 3h (Fig. 2) . 20 The C atom occupies the center of the prismatic interlayer site (6c), and the O atoms of the CO 3 2− (18h) are approximately in line with the hydroxyl group of the adjacent metal hydroxide layers. This enhances H-bonding between the oxygen of the carbonate ion (O2) and the hydroxyl ions of the metal hydroxide layer. The 18h site is shared with the oxygen of the intercalated water molecule as well. The single major difference between the CO 3 2− -LDH and the SO 4 2− -LDH is the appearance of a pair of weak reflections at 18.9°2θ and 20.5°2θ, respectively, in the latter, which cannot be indexed to any of the known cation disordered structural models. However, the pattern could be indexed to a unit cell with a = 5.41 Å (a = √3 × a o ) and c = 11.05 Å. This larger a-parameter corresponds to a cation ordered metal hydroxide layer. The two weak reflections are indexed as 100 and 101 of the larger cell. The appearance of a series of strong 11l (l = 2, 3, 4, 5) reflections (Table 3) indicates the hexagonal symmetry of the crystal. Given that cation-ordering is likely to lower the crystal symmetry, we identified the space group P3 as the one most closely related to the R3m space group. In the P3 space group, Cu 2+ and Cr 3+ occupy crystallographically distinct sites neighbours. Sulfate intercalates with one of its C 3 axes, also the S-O a (a: apical) bond parallel to the stacking direction yielding the coordination symmetry C 3v . The S atom of SO 4 2− occupies octahedral interlayer site (2c) (Fig. 3b) 23 and green rust. 24 These LDHs also contain intercalated Na + ions which are arranged in an orderly fashion in the interlayer gallery. The origin of the supercell reflections in the PXRD patterns of these LDHs is attributed to LDH is Na-free, whereby the supercell reflections arise due to the intrinsic cation ordering within the metal hydroxide layer, rather than due to the ordering of Na + ions in the interlayer.
The PXRD patterns of IO 3 − and BrO 3 − LDHs (Fig. 4) are indexed to the comparatively rare 3R 2 polytype, with characteristic 10l (l = 1, 4, 7, 10) reflections (Table 3) 14 In this model, the intercalated Cl − ions are located in the 18g site and the oxygen atom of the intercalated water (O2) occupies the 36i site. The 18g site is closely related to the 18h site in that they generate a set each of six symmetry related positions hexagonally around the midpoint of the line joining the hydroxyl groups of adjacent metal hydroxide layers. The two hexagons are rotated by 30°relative to one another. The 36i site is a general position (x, y, z). The occupancy of Cl − was fixed according to its experimentally determined composition and the refinement was carried out. At this stage of the refinement, the difference Fourier map was computed to obtain the residual electron density. A maximum in the residual electron density was observed at the 3b position (0, 0, 0.5). The O3 atom, corresponding to the intercalated hydroxyl ion was included in this position and its occupancy refined. The resultant fit is satisfactory with a featureless difference profile. It is gratifying to observe that although considerable electron intensity was placed in the general position, difference Fourier indicated the presence of an atom at a special position, 3b. The 3b site is closest to the hydroxyl oxygen (O1) and is most suited for strong hydrogen bonding with the metal hydroxide layer. The occupancies of Cl and O3 after refinement are equal to the expected layer charge. The occupancy of O2 however exceeds the measured intercalated water content. The results are given in Fig. 6 and Tables 4-6. The structure of the Br − -LDH was refined using the model proposed for the [Zn-Al-Br] 0.33 LDH. 25 In this model, the Br − ion is distributed in two sites, namely 6c and 18h (Fig. 7) .
Discussion
The layer-interlayer bonding depends on: (i) Coulombic interaction between the positively charged metal hydroxides layer and the negatively charged interlayer and 
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(ii) H-bonding between the hydrogen atom of the hydroxyl group and the anion in the interlayer.
[Cu-Cr-X − ] LDHs
In the case of monoatomic anions, X − , the H-bonding ability is determined by the electronegativity of the halogen. Of the two halides used in this work, Cl − is a stronger H-bonding species than Br − . The 3b site, which appears at the midpoint of the line joining the OH groups of adjacent layers is the best suited for H-bonding with the metal hydroxide layer. However, mutual repulsion between the anion in the layer causes the Cl − ions to shift from 3b to 18g/h, which represent the best compromise of the various forces at play within the interlayer. The migration of the Cl − ions to a site of greater degeneracy causes disorder in the interlayer and powder diffraction is not equal to the task of distinguishing the 18h site from 18g. Besse and co-workers 14 favor the 18g site and we have adopted the same model in this work.
Within the metal hydroxide slab, the location of positive charge is at the metal. The interlayer site most proximal to the metal is 6c, which is also the center of the trigonal prismatic interlayer site. The Br − ion, given its large size and polarizability is a poor H-bonding species and is therefore partially located in the 6c site. The work of Taviot-Gueho and co- [Cu-Cr-XO n ] LDHs
The strength of the hydrogen bonding between the oxoanions and the metal hydroxide layer depends on the compatibility of the molecular symmetry of the anion with interlayer site symmetry. 27 Both SO 4 2− and XO 3 − (X = Br, I) ions have a coordination symmetry C 3v which is a subset of the interlayer site symmetry D 3d formed in 1H and 3R 2 polytypes and thereby mediate the growth of these polytypes. In contrast, the carbonate ion (molecular symmetry D 3h ) mediates the growth of the 3R 1 polytype, which has an interlayer site, also of D 3h symmetry. The additional feature of the SO 4 2− -LDH is the observation of cation order. Whereas the intralayer cation ordering is predicated by Pauling's rule, the interlayer ordering is fortuitous. There are many cation ordered LDHs, specially among the [LiAl-A] LDHs, but in these systems the interlayer ordering of Li is not observed. From the point of view of the Li position, these LDHs have a periodic stacking of metal hydroxide layers without any registry about the stacking direction. 28 Such an arrangement of layers yield only the 2-D 10 reflection, with a sawtooth line shape, also called Warren broadening, 29 that is so characteristic of turbostratic disorder. In such materials only the 100 reflection is observed. In the case of the SO 4 2− -LDHs described in this work, both 100 and 101 reflections are observed. The latter reflection is testimony to the ordering of cations in the stacking direction as well.
Ordering of cations in the stacking direction, generates many more polytypes than are envisaged in cation-disordered systems, which are more fully described in recent papers of Krivovichev and co-workers. 3, 30 The basal spacing observed in the present instance corresponds to a one-layer polytype, indicating that the Cr 3+ atoms are in a single line parallel to the stacking direction (Fig. 3) . In the context of SO 4 2− -LDHs, we ask the question: What is the origin of the distortion that arises in the coordination polyhedron around Cu (note the two Cu-O1 bond lengths)? Cu 2+ is a known Jahn-Teller ion and does not adopt octahedral coordination. Within the LDH structure given the structural anisotropy, the idealized metal coordination symmetry is D 3d , but even within D 3d symmetry, the d-orbitals are split into e g (d
in increasing order of energy. As the highest level remains two-fold degenerate, Cu 2+ with d 9 configuration continues to be a Jahn-Teller ion even within the D 3d symmetry. This calls for reduction in the coordination symmetry from the ideal D 3d . The distortion of the coordination around Cu can potentially take place by (i) the displacement of Cu from the centre of coordination polyhedron or (ii) by the non-uniform distension of the layer of hydroxyl ions. In the latter model, two distinct non-bonded inplane O1-O1 distances would be generated. An examination of the structure shows that Cu atom in 2d (2/3, 1/3, 0) is not acentric and is on the same plane as Cr in the 1a (0, 0, 0) site. Such a distortion reduces the coordination symmetry to C 3v . a O1-O1* -in-plane O1-O1 distances; O1-O1 -out of plane O1-O1 distances.
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However in this reduced symmetry too, the degeneracy and ordering of the d-orbitals remains unchanged. Clearly further distortion is necessary to lift the degeneracy of the d xz and d yz orbitals (e levels in C 3v ). This is provided by a slight rotation of a pair of opposite triangular faces of the [Cu(OH) 6 ] coordination polyhedron relative to one another (Fig. 8 ). . There could be two possibilities. (i) The distortion is an inevitable consequence of the choice of the lower symmetry space group P3, compared to the more conventional R3m employed for the cation disordered structure. But to the extent that the distortion is minimum in the Zn-analogue, the increased distortion in the Cu-LDH is attributed to the Jahn-Teller effect.
(ii) In a manner, inverse to that extant in early transitionmetal d 0 -oxides, 31 Experimental section 
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